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V posledních létech se objevuje narůstající počet publikací naznačujících zapojení rostlinné 
sekretorické dráhy do obrany vůči fytopatogenům. Konkrétně, v rámci současného výzkumu 
byly detailněji objevovány úlohy rostlinného komplexu exocyst. Přesto, jak přesně exocystem 
zprostředkovaná exocytóza přispívá k sekreci antimikrobiálních látek a obraně založené na 
buněčné stěně zůstává neobjasněno. V předkládané práci poskytuji experimentální důkazy a 
navrhuji další hypotézy o vybraných podjednotkách exocystu v imunitní reakci rostlin. 
Zvláště ukazuji, že EXO70B1 podjednotka exocystu interaguje s proteinem souvisejícím 
s imunitou, RIN4. Štěpení RIN4 pomocí AvrRpt2 Pseudomonas syringae efektorové proteázy 
uvolňuje jak RIN4 fragmenty, tak EXO70B1 z plazmatické membrány, když je tranzientně 
exprimován v listech Nicotiana benthamiana. Spekuluji o tom, jak by to mohlo mít vliv na 
regulaci polarizované depozice kalózy. Ve společně vypracovaném článku jsme také navrhli 
hypotézu, že EXO70B1-zprostředkovaná autofagická degradace TN2 rezistenčního proteinu 
zabraňuje jeho hyperaktivaci a vývoji fenotypů mimikujících léze. Kromě toho ve spolupráci 
s kolegy uvádím údaje o účasti EXO70H4 v sekreci kalózasyntázy PMR4, potřebnou pro 
depozici křemíku. Představujíc možný konvergentní mechanismus navrhujeme, že EXO70H4 
podjednotka exocystu by se mohla podílet také na výstavbě obranné papily. Konečně, ve 
společně vypracovaném přehledovém článku shrnujeme poznatky a navrhujeme další scénáře 






























In the recent years, there has been a growing number of publications indicating at the 
involvement of plant secretory pathway in defense against phytopathogens. Specifically, roles 
of plant exocyst complex have been explored in deeper detail in current research. Yet, exactly 
how exocyst-mediated exocytosis contributes to secretion of antimicrobials and cell wall-
based defense remains unclear. In the presented Dissertation, I provide both experimental 
evidence and devise further hypotheses on selected exocyst’s subunits in plant immune 
reactions. Particularly, I show that EXO70B1 exocyst subunit interacts with immunity-related 
RIN4 protein. Cleavage of RIN4 by AvrRpt2 Pseudomonas syringae effector protease 
releases both RIN4 fragments and EXO70B1 from the plasma membrane when transiently 
expressed in Nicotiana benthamiana leaves. I speculate on how this might have an 
implication in regulation of polarized callose deposition. In a co-authored opinion paper, we 
also hypothesize that EXO70B1-mediated autophagic degradation of TN2 resistance protein 
prevents its hyperactivation and lesion mimic phenotype development. In addition, in 
collaboration with my colleagues, I present data on EXO70H4’s engagement in PMR4 callose 
synthase secretion, required for silica deposition. Representing a possible convergent 
mechanism, we propose that EXO70H4 exocyst subunit might likewise participate in 
defensive papilla buildup. Finally, in a co-authored review paper, we summarize knowledge 
























The exocyst complex and its role in plant cell morphogenesis 
Plants are known to have indeterminate growth and development and continue to grow new 
organs throughout their lives. During the process, new cells are produced through division of 
stem cells in meristems. Daughter cells arising from these divisions that lose contact with 
mother stem cells start to adopt their fate, i.e. differentiate from each other. Cell 
differentiation is driven by both signals related to the cell lineage from which they derive as 
well as positional information in the gradient of a morphogen or interaction with neighboring 
cells in the same tissue or tissue layer. As a result, plant cells functionally specialize. This, 
among other processes, usually involves specific cell shape formation, or cell morphogenesis 
(reviewed in Schiefelbein, 1994; Fowler and Quatrano, 1997; Scheres, 2001). 
 
Plant cell morphogenesis is a process taking place during the division and differentiation of 
plant cells, as well as ecological interactions. It is accompanied by changes in the composition 
and structure of the cell wall and the plasma membrane. For this, coordination of cytoskeleton 
and secretory pathway activity was shown to be vital (Fowler and Quatrano, 1997). Having 
perceived directional signals coming from other parts of the plant or from within the tissue 
layer in which they reside, plant cells develop asymmetry, also known as cell polarity 
(Scheres, 2001; Costa, 2016). This is manifested by asymmetric distribution of proteins and 
lipids to distinct parts of the cell. Being in some morphogenic field or contact with 
neighboring cells, all plants cells show bona fide some degree of polarization. The most easily 
discernible types include those of endodermis, tip growing root hair and pollen tube cells and 
xylem parenchyma cells with polarly distributed PIN auxin transporters (reviewed e.g. in 
Nakamura and Grebe, 2017). Recently, separate trafficking pathways have been discovered to 
establish apical and basal polarities in Arabidopsis thaliana (Arabidopsis) root cells (Li et al., 
2017a). Also, specification of geometric edges of Arabidopsis lateral root cells was shown to 
rely on RabA5c GTPase-mediated trafficking (Kirchhelle et al., 2016). 
 
One of the key regulators required for plant cell morphogenesis and particularly plant cell 
polarity establishment and maintenance is the exocyst complex. The exocyst is a protein 
complex that mediates tethering of vesicles to target membrane before SNARE-mediated 
fusion (Zárský et al., 2009). 
 
The exocyst was initially described in budding yeast (Saccharomyces cerevisiae). First, yeast 
Sec15 protein was recognized as a part of a larger protein complex and itself as being 
associated with the plasma membrane (PM) (Bowser and Novick, 1991). Then, the Sec8 
protein was identified in the same 19.5S particle containing Sec15 (Bowser et al., 1992). 
Later, TerBush and Novick discovered through chromatography methods and co-
immunoprecipitation a third protein, the Sec6. They also determined that the complex must 
contain at least eight subunits (TerBush and Novick, 1995). Subsequently, SEC3, SEC5, 
SEC10, and EXO70 subunits were described to comprise the complex, hereafter termed the 
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Exocyst (TerBush et al., 1996). Finally, the Exo84 subunit was co-immunoprecipitated with 
the exocyst components, making it the eighth subunit of the complex. Interestingly, the same 
report has also shown that the Exo84 specifically localizes to the bud tip connecting mother 
and daughter yeast cells and that Exo84 depletion results in secretory vesicle accumulation 
and defect in invertase secretion (Guo et al., 1999a). These studies, along with previous 
experiments showing genetic interaction between the Sec15 and a regulator of vesicle 
trafficking, the SEC4 GTPase, suggested a role of the exocyst complex in polarized secretion 
(Salminen and Novick, 1989; Walworth et al., 1992). Since then, there have been numerous 
studies proving its role in polarized secretion and exocytosis in yeast and mammalian cells 
(reviewed e.g. in Wu and Guo, 2015). Also, exocyst composition has been decisively 
corroborated in yeast. The study of Heider et al. confirmed that the complex consists of eight 
subunits with equal stoichiometry (Heider et al., 2016). Importantly, each subunit contains a 
conserved helical bundle structure, possibly essential for its tethering function during 
exocytosis (Croteau et al., 2009). 
 
The tethering role of exocyst has been well demonstrated by ectopic targeting of yeast Sec3 
subunit. In yeast and mammals, Sec3 and EXO70 exocyst subunits are known to serve as 
spatial landmarks for the rest of the complex through the interaction with phosphatidylinositol 
4,5-bisphosphate (PIP2) on the PM (He et al., 2007; Liu et al., 2007). When translationally 
fused to Tom20 mitochondrial protein, the Sec3 recruited Sec6 and Sec8 subunits and also 
secretory vesicles to mitochondria. Similarly, except for Exo70, all other ectopically targeted 
exocyst subunits tested recruited Sec8 to mitochondria, showed defect in invertase secretion a 
grew more slowly than control cells (Luo et al., 2014). Based on fluorescent imaging and 
measurements in yeast, Picco et al. were able to reconstruct the 3D architecture of the exocyst 
complex in vivo. According to their data, about 14 exocyst complexes on average should 
reside at sites of vesicle fusions (Picco et al., 2017). 
 
In plant cells, the exocyst has been implied in processes of cell polarity establishment and 
maintenance, including pollen tube growth, polarized growth and (upon pollen arrival) 
hydration of stigmatic papillae, cytokinesis, localized deposition of seed coat pectin, transport 
of PIN auxin carriers to specific parts of the plasma membrane, development of the 
periarbuscular membrane, maturation of the trichome cell wall and secretion of callose 
synthase to the trichome PM, specification of central endodermal PM for subsequent CASP 
protein delivery, autophagic transport to the vacuole and probably polarized secretion of 
defense cargo during response to microbial pathogens (Cole et al., 2005; Synek et al., 2006, 
2017; Hála et al., 2008; Kulich et al., 2010, 2013, 2015, 2018; Pecenková et al., 2011; Genre 
et al., 2012; Drdová et al., 2013; Zárský et al., 2013; Rybak et al., 2014; Zhang et al., 2015; 
Du et al., 2015; Safavian et al., 2015; Tan et al., 2016; Kalmbach et al., 2017). In addition, 
anisotropic (but not polar) root cell elongation is also affected in Arabidopsis exocyst mutants 
(Cole et al., 2014). 
 
Contrary to other Eukaryotes, several plant exocyst subunits have expanded into more than 
one isoform (Cvrčková et al., 2012). EXO70 subunit forms the largest family, with 23 
members in Arabidopsis. They are differentially expressed during ontogenesis and in different 
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tissues, but distinct isoforms are also coexpressed in the same cell (Synek et al., 2006; Li et 
al., 2010; Cvrčková et al., 2012). These and other observations have led to the proposal of the 
recycling domain hypothesis, whereby different EXO70 subunits mediate secretion and 
recycling of vesicles to distinct PM domains. The activated cortical domain and the connected 
endosomal compartment were thus suggested to constitute a dynamic entity named the 




Figure 1. The recycling domain concept and diversification of plant EXO70 paralogs. 
According to the hypothesis, distinct EXO70 paralogs may be responsible for maintaining 
multiple recycling domains per cell. Coordination of exocyst and SNARE protein activity for 
delivery of vesicles to specific parts of the PM might be crucial to the process. Adapted and 
modified from Zárský et al., 2009 and Heider and Munson, 2012. 
 
An interesting aspect of exocyst function is its regulation by small GTPases. The originally 
reported Sec15 genetic interaction with Sec4 Rab GTPase was soon confirmed by subcellular 
fractionation as well as immunoelectron co-localization of both proteins on secretory vesicles 
(Salminen and Novick, 1989; Finger et al., 1998; Guo et al., 1999b). This interaction has been 
suggested to serve exocyst assembly or activation. Other Rab GTPases were later found to 
interact with Sec15 in Drosophila, too (Wu et al., 2005). Furthermore, the interaction between 
the activated Cdc42 GTPase of the Rho subfamily and the Sec3 exocyst subunit promotes 
polarized secretion. Sec3 and Sec5 subunits are mislocalized in cdc42 mutant yeast and the 
cdc42 mutant itself lost polarized growth (Zhang et al., 2001). Ral subfamily GTPases RalA 
and RalB were also observed to interact with exocyst subunits (Brymora et al., 2001), with 
implication in diverse cellular processes requiring secretion. Surprisingly, one of the recently-
described function of exocyst related to its interaction with activated RalB GTPase is 
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associated with autophagosome formation and autophagy induction (Bodemann et al., 2011). 
There are several relevant recent publications illustrating the importance of small GTPases in 
modulating exocyst function as their effector in polarized secretion. A detailed description of 
the regulation of exocyst complex by small GTPases in non-plant models is, however, beyond 
the scope of this dissertation and has been reviewed well elsewhere (Heider and Munson, 
2012; Wu and Guo, 2015). Unlike yeast and animal cells, the interaction of plant exocyst 
SEC3 subunit with GTPases is not direct but rather mediated by ICR1 adaptor in Arabidopsis 
(Lavy et al., 2007). ICR1 overexpressing line exhibits swollen root hairs and deformed leaf 
epidermal cells, further supporting its role in polarized exocytosis (Lavy et al., 2007). Also, 
RIC7 adaptor protein interacts with the active ROP2 GTPase and recruits EXO70B1 exocyst 
subunit to the PM in Vicia faba guard cells (Hong et al., 2016). 
 
Besides small GTPases, exocyst localization is determined by direct interaction with 
membrane lipids as well as interaction with other proteins. For instance, SEC3 binds several 
phosphoinositides, consistent with its role as a membrane landmark (Bloch et al., 2016; Li et 
al., 2017b; Ma et al., 2017). Tobacco EXO70B1 subunit co-localizes with phosphatidic acid 
and PIP2 markers, possibly reflecting its binding capacities. Additionally, tobacco pollen tube 
PM domains occupied by EXO70A1 and EXO70B1 signals are mutually exclusive, providing 
further evidence for the recycling domain hypothesis (Zárský et al., 2009; Sekereš et al., 
2017). The role of adaptor proteins other than ICR1 and RIC7 in regulation of plant exocyst 
localization and function will be further discussed in the relevant sections of the Discussion. 
 
Having briefly introduced the plant exocyst complex and its role in polarized secretion, I will 
now focus on exocyst’s contribution to plant immunity, a topic directly related to this thesis. 
The role of exocyst in response of plants to pathogen 
Soon after the discovery of genes encoding the subunits of the exocyst complex in plant 
genomes, it was speculated that the plant complex might participate in defense reactions 
(Elias et al., 2003: Hála et al., 2008).  There are two lines of evidence that support this notion. 
First, plant cell polarization had been known to contribute to plant defense long before the 
actual publications documented the role of secretory pathway in this process (Schmelzer, 
2002). Second, several of the exocyst subunits are not only multiplied in number, but also 
transcriptionally induced by pathogens or their elicitors (Hruz et al., 2008; Pecenková et al., 
2011). 
The plant immune system and the role of secretory pathway in plant defense 
Plant innate immune system is based on receptors able to recognize conserved molecular 
structures derived from microbial pathogens. The first layer of defense, termed PAMP-
Triggered Immunity (PTI), is activated upon binding of conserved Pathogen-Associated 
Molecular Patterns (PAMPs) to plant Pattern Recognition Receptors (PRR). Commonly 
occurring molecules recognizes as PAMPs include those of bacterial flagellin, bacterial 
elongation factor Tu (EF-Tu) and fungal cell wall component chitin. The resulting signaling 
cascade leads to buildup of reactive oxygen species (ROS), synthesis of antimicrobial 
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compounds, production of PATHOGENESIS-RELATED (PR) proteins, deposition of callose 
into the cell wall and formation of defensive papilla (reviewed in Jones and Dangl, 2006). 
Papilla contains phenolic compounds, callose and hydroxyproline-rich proteins and represents 
a physical barrier to invading fungal and oomycete pathogens, as well as extracellularly 
dwelling bacterial pathogens (Aist, 1976; ThordalChristensen et al., 1997). 
 
A functional secretory pathway is crucial to the process. This is evident from the phenotype of 
the pen1 Arabidopsis mutant, defective in SYP121 (PEN1) t-SNARE syntaxin. The pen1 
mutant is compromised in penetration resistance towards non-adapted, non-host fungal 
pathogen Blumeria graminis f. sp. hordei (Bgh), owed to its delayed papilla formation 
(Collins et al., 2003; Assaad et al., 2004). Likewise, a mutation in the gene coding for 
SYP132 syntaxin in Nicotiana benthamiana tobacco leads to decreased resistance to bacterial 
pathogen Pseudomonas syringae pv. tabaci (Kalde et al., 2007). 
 
PEN1 accumulates in papilla during the fungal pathogen attack and this is dependent on 
GNOM ARF GEF (Guanine nucleotide Exchange Factor) function (Meyer et al., 2009; 
Nielsen et al., 2012; Nielsen and Thordal-Christensen, 2012). A PEN1 ortholog in barley is 
ROR2 (REQUIRED FOR MLO-SPECIFIED RESISTANCE2) syntaxin. During the 
penetration of barley host cell by Bgh, YFP-ROR2 disappears from the PM and is 
redistributed similarly to PEN1 to papilla. ROR2 and callose papillary localization is 
dependent on ARFA1b/1c small GTPase. At the same time, ARFA1b/1c co-localizes with 
multivesicular body marker. This is consistent with data in Arabidopsis, where callose and 
PEN1 deposition to papilla was suggested to rely on GNOM-mediated membrane recycling 
(Böhlenius et al., 2010; Nielsen et al., 2012).  
 
Many bacterial and fungal pathogens deliver into host plant cells effector proteins able to 
suppress basal/PTI/preinvasive response. Recognition of these effectors as avirulent proteins 
in plants expressing corresponding Resistance (R) proteins results in activation of the second 
layer of defense known as Effector-Triggered Immunity (ETI). This is often accompanied by 
programed cell death of host cells in the pathogen contact site, thus preventing the pathogen 
from accessing the nutrients (reviewed in Dangl and Jones, 2001; Jones and Dangl, 2006). 
There are several gain-of-function mutations of R proteins known that lead to their 
hyperactivation and spontaneous lesion-mimic phenotype development (reviewed in 
Pečenková et al., 2016). 
 
Formation of callose plugs in response to Pseudomonas syringae infection is dependent on 
PMR4 callose synthase function (Kim et al., 2005). PMR4 participates in wound and 
papillary callose deposition (Jacobs et al., 2003). Previous observation as well as our data 
suggest that both PMR4-GFP and GFP-PMR4 localize to the plasma membrane in barley and 
Arabidopsis leaf cells, respectively (Blümke et al., 2013; Kulich et al., 2018). Delivery of 
plasma membrane cargo such as PMR4 relies on intact secretory pathway. It is therefore not 
surprising that many microbial pathogens suppress PTI by targeting and modification of 
components of the plant secretory machinery. The fungal toxin brefeldin A (BFA) blocks 
polarized callose deposition by inhibition of GNOM-dependent membrane recycling (Nielsen 
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et al., 2012). GNOM is a guanine nucleotide exchange factor for the small GTPase ARF. P. 
syringae effector HopM1 also inhibits callose deposition by induction of degradation of ARF 
GEF AtMIN7 (Nomura et al., 2006). Interfering with defensive callose deposition thus might 
to be a common strategy of several plant pathogens. 
 
In addition to secretory pathway, autophagic trafficking has been shown to contribute to plant 
defense, particularly during the ETI response. A detailed description of multitude of complex, 
ATG-protein-regulated processes, including engagement in plant defense reactions is, 
however, provided in author’s review paper attached to this dissertation and would be 
redundant at this place. A possible connection between the autophagy and secretory pathway 
and the secretion of autophagy pathway-derived compartments to host-plant pathogen 
interface will be also discussed in the relevant sections of the Discussion. 
The exocyst in plant defense 
The very first report pointing to plant exocyst involvement in defense reactions was that of 
Humphry et al., indicating a role for EXO70D3 in Golovinomyces orontii fungal resistance 
(Humphry et al., 2010). This was soon followed by report of Pečenková et al., where 
EXO70B2 and EXO70H1 subunits were recognized as being important for microbial 
pathogen resistance. These candidates were selected based on RT-PCR analysis of several 
EXO70s upon treatment with elicitor peptide elf18. In effect, the exo70B2 and exo70H1 
Arabidopsis mutants were more sensitive to Pseudomonas syringae pv maculicola infection 
than the wild type (WT) plants and exo70B2  mutants developed abnormal papillae in 
response to Bgh (Pecenková et al., 2011). This was later confirmed by a study demonstrating 
increased sensitivity of exo70B2 mutant towards virulent Pseudomonas syringae DC3000 
(Pto DC3000) bacteria and an oomycete pathogen Hyaloperonospora arabidopsidis. 
Importantly, the same article showed a defect in PAMP responses of the exo70B2 mutant, 
including impaired ROS production upon Flg22, elf18, chitin and Pep1 elicitor application, 
and a defect in root growth inhibition by Flg22 peptide. One might therefore speculate that 
EXO70B2 is engaged in trafficking of PRR receptors such as FLS2, CERK1 and/or PEPR to 
the PM. Notably, the EXO70B2 is targeted by PUB22 E3 ubiquitin ligase for proteasome-
mediated degradation, thus attenuating excessive PAMP-induced signaling (Stegmann et al., 
2012). 
 
The closest homolog of EXO70B2 is the EXO70B1 exocyst subunit. In plants, its first 
function was unexpectedly associated with autophagic transport to the vacuole. The exo70B1 
mutant displays ectopic hypersensitive reaction, manifested by lesion formation, due to SA 
hyperaccumulation. Also, the exo70B1 has fewer intravacuolar ATG8-positive bodies and 
lower levels of anthocyanins in its tissues. Furthermore, ATG8-labeled autophagosomes 
partially co-localize with EXO70B1 protein and EXO70B1 contains conserved ATG8-
Interacting Motifs (AIMs) in its sequence (Tzfadia and Galili, 2013; Cvrčková and Zárský, 
2013; Kulich et al., 2013). This, along with the fact that YFP-labeled EXO70B1 co-localizes 
with anthocyanins in the vacuole, led to a model in which EXO70B1 exocyst complex or 
subcomplex has been proposed to transport anthocyanins and possibly other secondary 
metabolites to the vacuole (Kulich et al., 2013; Kulich and Žárský, 2014). Then, defense-
14 
 
associated roles of EXO70B1 were described. The Arabidopsis exo70B1 mutant was reported 
to be less resistant to Pto DC3000 than the WT (Stegmann et al., 2013), while it was found to 
be more resistant to the same pathogen and the Pto DC3000 bacterium expressing the 
AvrRpt2 effector (Zhao et al., 2015). Differences between the two studies were thought to be 
due to the different growth conditions used; however, the same mutant displays enhanced 
resistance to the oomycete H. arabidopsidis and the adapted powdery mildew Golovinomyces 
cichoracearum, apparently due to the lower threshold for hypersensitive response activation 
(Stegmann et al., 2013; Zhao et al., 2015).  
 
The lesion formation phenotype of the exo70B1 mutant was suggested to be a result of TN2 R 
protein hyperactivation. Unable to bind intact EXO70B1, activated TN2 triggers a signaling 
cascade involving CALCIUM-DEPENDENT PROTEIN KINASE5 (CPK5) that ultimately 
leads to H2O2 and SA accumulation and hypersensitive response phenotype development 
(Zhao et al., 2015; Liu et al., 2017). In this scenario, the EXO70B1 is predicted to be 
manipulated by pathogen effectors and guarded by TN2 protein, capable of eliciting ETI 
response (Zhao et al., 2015). This would be consistent with its presumed role in defense 
secretion. Both EXO70B1 and EXO70B2 interact with the SNAP33 protein, a well-known 
adaptor forming a ternary SNARE complex with PEN1 and VAMP721/VAMP722 syntaxins 
involved in fungal defense (Kwon et al., 2008; Meyer et al., 2009). Alternatively, TN2 might 
be under constitutive negative regulation conferred by autophagy-related, EXO70B1-
mediated trafficking to the vacuole (Pečenková et al., 2016; see further in the Discussion). 
 
Another EXO70B1’s function implied in defense is linked to the regulation of stomatal 
opening. In this respect, EXO70B1 has been reported to act as a positive regulator of 
Pseudomonas-induced stomatal closure (Stegmann et al., 2013). Stomata are frequently used 
as entry doors to colonize the leaf mesophyll by microbial pathogens. Outside the 
phytopathological context, the EXO70B1 is known to be a positive regulator of ABA- and 
mannitol-induced stomatal closure and a positive regulator of light-induced stomatal opening 
(Hong et al., 2016; Seo et al., 2016). 
 
Besides EXO70B1 and EXO70B2, the rice exocyst subunits EXO70F2 and EXO70F3 are 
targeted by Avr-Pii effector derived from Magnaporthe oryzae fungus. EXO70F3 is 
specifically required for Pii R protein-mediated ETI (Fujisaki et al., 2015). It is therefore 
possible that in the absence of the cognate Pii receptor, M. oryzae Avr-Pii effector may have 
evolved to interfere with EXO70F2/F3 function to promote its own virulence. Similarly, the 
RXLR AVR1 effector promotes in planta growth of Phytopthora infestans through 
stabilization of Sec5 exocyst subunit and suppression of Sec5-mediated callose deposition. 
The Sec5 subunit itself is also essential for SA-induced PR1 protein secretion and resistance 
towards P. infestans (Du et al., 2015). 
 
A very recent report described a novel interactor of the rice EXO70E1 exocyst subunit, named 
Bph6. Plants silenced in Bph6 are more susceptible to brown grasshopper (Nilaparvata 
lugens) feeding. Moreover, rice lines harboring Bph6 gene are more resistant towards brown 
planthopper and white-backed planthopper (Sogatella furcifera), but not to striped stem borer 
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(a chewing insect) or the bacterial blight pathogen Xanthomonas oryzae pv. oryzae strain 
PXO145. Bph6 stimulates callose deposition into phloem sieve tubes, which should prevent 
the brown grasshopper from ingesting the phloem sap (Guo et al., 2018). This is a second 
report describing exocyst’s involvement in insect resistance. Previously, Kulich et al. showed 
that exo70H4 mutant plants support the growth of Spodoptera littoralis and Pieris brassicae 
caterpillars less than WT, probably due to their elevated levels of jasmonic acid (Kulich et al., 
2015). 
 
Finally, a recent report has suggested a role for several of the N. benthamiana exocyst 
subunits in plant defense. Particularly, Sec5, Sec6 and Sec10 core subunits were found to be 
required for P. syringae resistance. The observed phenotype might be related to defensive 
callose deposition, as multiple core as well EXO70 subunits mutants are defective in callose 
secretion in response to Pst DC3000 ΔhrcC (Du et al., 2018). This might possibly reflect 
exocyst’s function in polarized secretion of PMR4 callose synthase to the PM (see the 
Discussion). Of note, the publication also describes for the first time a role for the plant 
exocyst in defense to necrotrophic pathogen. As opposed to biotrophic pathogen infection, 
silencing of Sec5, Sec6 and Sec10 subunits reduces susceptibility to the necrotrophic fungus 
Botrytis cinerea (Du et al., 2018).  
RIN4 as a regulator of plant defense responses 
One of the debated regulators of PTI immunity is the Arabidopsis RPM1-interacting protein 4 
(RIN4). There are many publications describing various aspects of RIN4 biology. In this 
section, I will mainly focus on those relevant to the topic of polarized secretion. 
 
RIN4 belongs to a larger family of proteins named NOI (for their nitrate-induced domains) 
that share either one or both conserved NOI domains with a conserved cleavage site (termed 
RCS) for the bacterial protease AvrRpt2 (Afzal et al., 2011). In the presence of the 
corresponding RPS2 receptor protein, cleavage of RIN4 at RCS sites by AvrRpt2 
Pseudomonas syringae protease induces ETI and thereby limits the growth of bacteria (Axtell 
and Staskawicz, 2003). Besides AvrRpt2, RIN4 is a target of at least three other effector 
proteins in Arabidopsis that induce either phosphorylation or ADP-ribosylation, and thus, 
presumably, inhibit the PTI response. 
 
Mutation of RIN4 enhances Flg22- and Pseudomonas syringae DC3000 hrcC-induced callose 
deposition (Kim et al., 2005, 2009), whereas RIN4 overexpression suppresses it (Kim et al., 
2005; Afzal et al., 2011; Chung et al., 2014). According to these data, RIN4 would seem to 
act as a negative regulator of pathogen-induced callose deposition. However, upon Flg22 
treatment, cleavage of RIN4 by AvrRpt2 was shown to release RIN4 fragments that suppress 
callose deposition and support enhanced growth of the P. syringae hrcC mutant (Afzal et al., 
2011). Induced expression of the same effector in Arabidopsis (in rps2 background) 
supported the growth of virulent Pto DC3000 strain, probably independently of MAP kinase 
inhibition (Eschen-Lippold et al., 2016). Moreover, AvrB, another effector derived from P. 
syringae that induces phosphorylation of RIN4 at specific threonine residue, also blocks Pto 
DC3000-induced callose deposition (Chung et al., 2014). Similarly, injection of Pto effector 
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AvrRpm1 into plant cells which also induces RIN4 phosphorylation, blocks callose deposition 
and supports growth of the P. syringae hrcC mutant (Kim et al., 2005, 2009; see Table 1). 
Therefore, RIN4 is rather a positive regulator of defensive callose deposition. Targeting by 
bacterial effectors of RIN4 suppresses callose deposition and induces hypersensitive cell 
death in plants expressing respective R proteins. 
Given the role of secretory pathway in callose deposition, RIN4’s putative regulation of the 
process and its targeting by effectors makes it a promising target for inspecting its 
contribution to exocyst-mediated secretion. Indeed, while looking for Arabidopsis exocyst 
subunit interactors using a yeast two-hybrid (Y2H) screen, we found a binding partner for 
some of the EXO70 subunits which belongs to the NOI protein family. 
Hypotheses 
Based on the fact that cleavage and phosphorylation of RIN4 suppresses callose deposition, 
both exocyst and RIN4 operate at the plasma membrane (Takemoto and Jones, 2005), exocyst 
has been shown to participate in defensive callose deposition and on our previous data 
showing NOI6-exocyst interactions, I hypothesized that RIN4 might regulate localization 
and/or function of exocyst or its individual subunits. This would be especially relevant in the 
defense context. 
 
Furthermore, after my colleagues described a role of EXO70H4 exocyst subunit in secondary 
cell wall thickening and loss of rings and callose in the Arabidopsis exo70H4 mutant 
trichome, we speculated that EXO70H4-mediated secretion might be necessary for callose 
synthase delivery to the PM (Kulich et al., 2015). This would also be relevant for polarized 
secretion during the defense, as cell wall papilla contains callose that is synthesized by PMR4 
callose synthase. 
 
Finally, considering the confronting explanations concerning EXO70B1’s function in 
autophagy and immunity, we devised a hypothesis where EXO70B1 mediates autophagic 
delivery of TN2 R protein to the vacuole for subsequent degradation. This would provide an 
alternative explanation for the observed rescue of exo70B1 mutant by tn2 mutation (Zhao et 
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Aims of the Thesis 
 
The rationale behind the research leading to the articles and hypotheses presented in this 
dissertation follows the data from my previously published diploma thesis as well as general 
focus of our laboratory. 
 
The thesis aims to answer the following points: 
 
 The relationship between the exocyst and RIN4 protein.  
In my diploma thesis, I performed Y2H analyses following the initial Y2H screen data 
obtained by my supervisor and discovered the NOI6 protein as an interactor of several of 
the exocyst subunits. NOI6 is a homolog of the thoroughly-studied RIN4 protein (see the 
Introduction). Moreover, public proteomic data suggested an interaction between the 
RIN4 and EXO70B1 and EXO70E2 exocyst subunits (Afzal et al., 2013). Based on this 
reasoning, my aim in this thesis is to investigate the relationship between the exocyst and 
RIN4 protein. In order to achieve this aim, I will try to confirm the indicated interactions, 
examine the localization pattern of the candidate subunit(s) and determine their biological 
role in polarized secretion.  
 
 The role of EXO70H4 subunit in trichome callose deposition. 
As already mentioned in the Introduction, the EXO70H4 exocyst subunit might play a role 
in PMR4 callose synthase delivery to the PM. To investigate this possibility, I will join a 
collaborative research effort aiming to test the localization and interaction between the 
two proteins in Arabidopsis trichome model system.  
 
 The development of a hypothesis on the role of exocyst proteins in autophagic 
trafficking and its connection to plant immunity. 
In this aim, I try will in the first place to lay a conceptual framework for the future 
research that would address the question. This will specifically include a cooperative, 
extensive literature review and preparation of a review article with a goal of clarifying and 
reconciling often conflicting results concerning the role of autophagy in plant defense. 
Also, a baseline position for the EXO70B1 subunit in the process needs to be considered 










During my PhD studies, I published and co-authored the following papers: 
 
 
1. Sabol P, Kulich I, Žárský V. 2017. RIN4 recruits the exocyst subunit EXO70B1 to the 
plasma membrane. Journal of Experimental Botany 68, 3253–3265. 
Contribution to the paper: With a help from my supervisor and my PI, I designed the 
experimental setup and performed all the experiments. 
 
2. Kulich I, Vojtíková Z, Sabol P, Ortmannová J, Neděla V, Tihlaříková E, Žárský V. 
2018. Exocyst subunit EXO70H4 has a specific role in callose synthase secretion and 
silica accumulation. Plant Physiology 176, 2040 - 2051. 
Contribution to the paper: In this research, I cloned the coding of the PMR4 callose 
synthase, isolated the proteins and did the Western blot from Flg22- and chitin-treated 
Arabidopsis plants to assess the EXO70H4 upregulation, and participated in 
manuscript editing. 
 
3. Pečenková T, Sabol P, Kulich I, Ortmannová J, Žárský V. 2016. Constitutive 
Negative Regulation of R Proteins in Arabidopsis also via Autophagy Related 
Pathway? Frontiers in Plant Science 7, 260. 
Contribution to the paper: I contributed to writing and editing of this Hypothesis and 
Theory paper.  
 
4. Pecenková T, Markovic V, Sabol P, Kulich I, Žárský V. 2017. Exocyst and 
autophagy-related membrane trafficking in plants. Journal of Experimental Botany 69, 
47–57. 
Contribution to the paper: I participated in writing and editing of this review paper. 
 
 






























































































































The role of the exocyst complex in plant-pathogen interaction has been well documented by 
several of the recent studies. Despite the emerging progress, however, the mechanisms of 
exocyst-mediated secretion in plant defense remain largely unclear. Particularly, the nature of 
transported cargo(es), interaction between the exocyst and SNARE machinery during 
tethering and contribution of different EXO70 paralogs to defense-related secretion have not 
been sufficiently explored. Furthermore, it stays unresolved whether the EXO70B1 subunit’s 
function in autophagic trafficking contributes to its immunity-associated phenotypes. 
 
To address these questions, I set out to investigate the relationship between the exocyst and 
RIN4 protein (Aim #1), in collaboration the role of the EXO70H4 subunit in trichome 
papillary callose deposition (Aim #2) and, with significant contribution from my colleagues, 
to devise a hypothesis that would explain the role of EXO70B1 in autophagy and TN2-
regulated immunity (Aim #3). 
 
Even though data indicating at an interaction between the EXO70B1 and RIN4 were 
previously available, a direct evidence that would scrutinize their relationship thoroughly had 
been lacking (Da Cunha, 2009). In the included research paper, I provided for the first time a 
direct evidence not only for the interaction between the two proteins, but also for cleavage of 
RIN4 by bacterial protease and subsequent release of both partners from the PM (Da Cunha, 
2009; Sabol et al., 2017). 
 
Given the fact that RIN4 interacts with EXO70B1 and recruits it to the PM and that cleavage 
of RIN4 reduces callose deposition, one might speculate that EXO70B1 is involved in RIN4-
mediated PMR4 callose synthase delivery to the PM and subsequent callose secretion in 
response to P. syringae infection (Da Cunha, 2009; Sabol et al., 2017). This notion is further 
supported by the role of EXO70B1 in plant defense. Despite some ambiguity of the published 
data (compare Stegmann et al., 2013; Zhao et al., 2015), the exo70B1 mutant has been shown 
by one study to be more resistant to the AvrRpt2-expressing Pseudomonas (Zhao et al., 
2016). However, this might be explained by elevated levels of salicylic acid (SA) in this 
mutant (Kulich et al., 2013), which, along with the activation of RPS2 resistance protein, 
might trigger a strong hypersensitive response. The other report (Stegmann et al., 2013) has 
indicated that exo70B1 mutant is more sensitive to the virulent P. syringae DC3000 infection. 
Therefore, EXO70B1 probably acts as a positive regulator of P. syringae-related defense. 
Still, one has to be cautious when interpreting the EXO70B1 defense-associated phenotypes. 
Stegmann et al. used spray inoculation to assess the growth of bacteria in exo70B1 mutant 
(Stegmann et al., 2013). They thus assayed stomata function in this mutant. Since exo70B1 
has elevated levels of SA, the effect on bacterial growth may have been an indirect 
consequence of an influence of SA on stomata. It is also possible that the stomatal function in 




Interestingly, RIN4’s transcription is upregulated by salicylic acid (SA) and downregulated by 
methyl-jasmonate and inoculation with the necrotrophic pathogen Alternaria brassicicola. 
Furthermore, its expression is enhanced by application of Flg22 and EF-Tu elicitors. 
Consistently, RIN4 is coexpressed with SA signaling component NPR1 and, most 
importantly, with vesicle secretion pathway syntaxins SNAP33 and SYP121 as well as 
exocyst subunit EXO70B2 (Hruz et al., 2008). EXO70B2 was not found to be recruited to the 
PM by RIN4 (Sabol et al., 2017), however, our unpublished data indicate that it is involved in 
papilla development in response to a fungal pathogen. During this defense, callose is 
deposited to the papilla. RIN4 is also upregulated in response to fungal pathogens and P. 
syringae bacteria (Hruz et al., 2008). It is therefore possible that RIN4 might co-operate with 
both EXO70B1 and EXO70B2 exocyst subunits, probably in different defense contexts. 
 
RIN4 might function as an adaptor for EXO70B1-mediated polarized secretion. Yet, my data 
show that EXO70B1 is not mislocalized in rin4 rps2 mutant. This is probably due to the fact 
that EXO70B1 interacts with NOI6 protein as well. Besides, according to my Y2H results, the 
NOI6 also interacts with EXO70A1 subunit (Sabol et al., 2017). EXO70A1 is not known to 
have any defense-related functions and is rather implicated in housekeeping (polarized) 
secretion (Synek et al., 2006; Chong et al., 2010; Pecenková et al., 2017; Du et al., 2018). 
Different EXO70s have been suggested to bind to the core exocyst complex, giving rise to 
distinct holocomplexes. This, through the interaction with different adaptors, might lead to 
differential targeting of exocyst complexes (Zárský et al., 2013). For instance, VETH-COG 
complex recruits EXO70A1 subunit to cortical microtubules (Oda et al., 2015; Vukašinović et 
al., 2017). Also, some EXO70 isoforms may have adopted functions outside the canonical 
complex. Unfortunately, the expansion of EXO70 and NOI Arabidopsis protein families 
further complicates their research. Besides adaptors, other factors also determine EXO70B1’s 
localization pattern. Among them, binding lipid partners seem to have a prominent role (see 
the Introduction). 
 
The suggested importance of EXO70-RIN4 interaction has been further supported by a recent 
preprint paper revealing the presence of an integrated NOI domain in the rice Pii-2 R protein. 
Magnaporthe oryzae AVR-Pii effector binds to the rice EXO70F3 and thus possibly promotes 
fungal virulence (Fujisaki et al., 2015). At the same time, EXO70F3 interacts with NOI motif 
of the Pii-2 receptor. Mutation of either the EXO70F3 or the core NOI motif in the Pii-2 
domain blocks AVR-Pii effector-initiated ETI. In this way, Pii-2 receptor protein might 
monitor EXO70F3 integrity and modification by fungal AVR-Pii effector and trigger ETI 
(Fujisaki et al., 2017). 
 
EXO70B1 is also involved in autophagosome formation or delivery to the vacuole (Kulich et 
al., 2013). Multivesicular bodies, which have been described to fuse with PM at the pathogen 
attack site as a means of defense (An et al., 2006), are speculated to originate with 
contribution from the autophagy pathway (Katsiarimpa et al., 2013; Kulich et al., 2013). 
Although autophagy-deficient atg5 mutant does not have altered PTI responses including 
Flg22-induced callose deposition, it accumulates SA in higher levels than the WT (Lenz et 
al., 2011), which might account for the sustained callose deposition of this mutant. Indeed, a 
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pretreatment of SA increased Flg22-dependent callose deposition in WT but not npr1 SA 
signaling mutant, indicating that SA primes callose deposition through NPR1 (Yi et al., 
2014). Moreover, the requirement of the autophagy pathway for the formation of callose 
plugs may not be absolute and there might be other pathway activated in atg5 SA-
accumulating mutant. To resolve this, the detection of callose secretion in atg5 sid2 (SA 
synthesis mutant) or atg5 NahG and atg9 mutant in response to Pto ΔhrcC infection would be 
necessary. 
 
In addition, the function of the EXO70B1 subunit in PTI has been proposed to be manipulated 
by as yet-unexplored pathogen effector(s). This has been suggested to lead to the activation of 
the TN2 R protein, with which EXO70B1 physically interacts. Authors of the study also 
explain the lesion formation phenotype of exo70B1 mutant by an ectopic activation of TN2 
protein (Zhao et al., 2015). 
 
A hypothesis developed by my colleague Tamara Pečenková and published in an opinion co-
authored paper provides an alternative explanation to the process. In this scenario, the R 
proteins are under constitutive negative regulation exerted also by autophagy pathway. This 
would provide a novel, additional layer of control. Also, according to this model, R proteins 
would be released from this negative regulation upon binding the cognate Avr effector. 
Therefore, the rescue of the exo70B1 mutant by a mutation in TN2 R protein or its 
downstream signaling component CPK5 might be explained by impaired autophagic 
trafficking of TN2 to the vacuole for degradation in the exo70B1 mutant (Pečenková et al., 
2016; Liu et al., 2017). 
 
Though conceived by my colleagues and with little contribution from my experiments, the 
EXO70H4 paper addressing the role of this subunit in the trichome cell wall maturation 
highlights an important point in this discussion. Taking part in the secondary cell wall 
maturation, the EXO70H4 shares some features with components of the secretory pathway 
involved in defense response. Particularly, we were able to show that EXO70H4 transports 
PMR4 callose synthase to the PM for subsequent callose deposition. Also, my experiment 
confirmed the upregulation of EXO70H4 expression by chitin and Flg22 elicitors. 
Furthermore, our data demonstrate the EXO70H4 signal appearance in epidermal pavement 
cells upon Flg22 treatment, with specific enrichment in membrane microdomains (Kulich et 
al., 2018). One can speculate that these microdomains with enhanced cell wall (CW) 
autofluorescence represent sites for future callose deposition, a characteristic response to 
Flg22 and bacteria. In the same way, the chitin upregulation of this isoform might reflect its 
potential engagement in defensive papilla formation. 
 
Similarly, a non-branched 1,3-β-D-(Glc)6 glucan extracted from the fungal cell wall and 
chemically similar to (and upon digestion of plant cell wall components also possibly derived 
from) callose, was recently shown to significantly upregulate EXO70H4 as well as some other 
Arabidopsis EXO70 isoforms. Interestingly, this upregulation was dependent on CERK1 
immunity receptor and was lost in cerk1-2 mutant (Mélida et al., 2018). CERK1 was also 
reported to directly bind the chitin oligosaccharide, the major component of fungal cell wall 
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(Liu et al., 2012). Consistently, according to the publicly available microarray data, 
EXO70H4 is known to be significantly upregulated by chitin (Hruz et al., 2008). These 
results further corroborate the idea of EXO70H4 being upregulated by components released 
from damaged plant cell wall recognized as DAMPs and by fungal cell wall PAMPs and 
subsequently engaged in PTI response presumably involving localized callose deposition. 
Interestingly, the PMR4 callose synthase interacts with and is directly regulated by RabA4c 
GTPase, highlighting the importance of secretory pathway regulators in polarized secretion 
during defense (Ellinger et al., 2014). Our unpublished data also indicate that Arabidopsis 
SEC15 interacts with some Rab GTPases, reinforcing the notion that exocyst participates in 
polarized callose deposition (Martina Růžičková, personal communication). Further 
experiments are, however, needed to test these hypotheses. 
 
Importantly, silencing of all the core N. benthamiana exocyst subunits and some of the 
EXO70 isoforms, including EXO70H and EXO70B families, reduces callose deposition in 
response to Pto ΔhrcC. Only some of these lines, however, show impaired resistance towards 
P. syringae pv syringae isolate B728a (Du et al., 2018; see the Introduction). While growth of 
the virulent Pto DC3000 is independent on the PMR4 function, growth of the type III 
secretion system-deficient strain Pto ΔhrcC unable to deliver effectors into host plant cell is 
enhanced in pmr4 mutant (Kim et al., 2005; Clay et al., 2009). Pseudomonas syringae 
bacteria therefore manipulate callose deposition to support their own growth (see also the 
Introduction). This is also consistent with a study showing diminished callose deposition in 
response to Pto DC3000 as compared with Pto ΔhrcC mutant. Interestingly, AvrPto effector 
of the Pto DC3000 effector repertoire is at the same time able to suppress the expression of 
secreted defense cargo (Hauck et al., 2003). Why only some of the silenced exocyst subunits 
with diminished callose deposition manifest also decreased resistance towards P. syringae pv 
syringae B728a and whether an alternative immune response pathway is activated in the 
others remains to be investigated. Also, different EXO70s may contribute to callose secretion 
through distinct mechanisms. While EXO70B2 might participate in PM delivery of PAMP 
receptors for signaling leading to subsequent callose deposition (Stegmann et al., 2012), one 
can speculate that EXO70H4 possibly directly transports PMR4 to pathogen infection site and 
thus  contributes to sustained callose deposition. 
 
Besides callose, the PR1 protein is another documented defense cargo whose secretion is 
dependent on exocyst subunit (Du et al., 2015; see the Introduction). Whether specific 
EXO70 isoforms take part in this process as well, however, has yet to be resolved. 
Preliminary results from our laboratory indicate a role for EXO70B2 in PR1 secretion 
(Tamara Pečenková). A contribution from EXO70B1 protein might be difficult to interpret 
owed to SA hyperaccumulation and PR1 upregulation in the exo70B1 mutant (see earlier). 
Similarly, the rice Ossec3a mutant accumulates SA and PR1 protein to higher levels than WT, 
contributing to its enhanced M. oryzae resistance (Ma et al., 2017). Crossing of exo70B1 and 
Ossec3a mutants with SA-synthesis or signaling mutants should help address the question. 
Also, whether EXO70B2 and/or EXO70B1 exocyst subunits regulate FYVE-marker-labeled 
multivesicular bodies- and/or autophagy-pathway derived compartments-mediated secretion 
of PR1 has yet to be determined (Pečenková et al., 2017). Moreover, not all plant families 
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have two EXO70B isoforms (Cvrčková et al., 2012). It is therefore possible that EXO70B1 
and EXO70B2 paralogs may have partially overlapping functions. Yet, our preliminary data 
clearly indicate that EXO70B2 cannot functionally complement loss of EXO70B1 (Vedrana 
Marković and Ivan Kulich, personal communication). 
 
Exocyst subunits other than those cited in this Dissertation might also play a role in microbial 
pathogen defense-associated secretion. For instance, EXO70E2, a homolog of the rice 
EXO70E1, is known to interact with RIN4. EXO70E2 is also upregulated by pathogens and 
elicitors. However, how the contentious EXO70E2-labeled EXPO compartments relate to 
autophagosomes and whether they mediate secretion of defense-related cargoes remains to be 
determined (Hruz et al., 2008; Wang et al., 2010). Also, whether distinct EXO70s cooperate 


































Conclusion and Perspectives 
 
Despite the great multiplication and a potential redundancy within the EXO70 Arabidopsis 
exocyst subfamily, I could show a specific role for EXO70B1 and EXO70H4 subunits. Both 
appear to have defense-related functions, albeit in seemingly different contexts. Besides, they 
also perform some bona fide isoform-specific tasks. While EXO70B1 participates in 
presumed RIN4-dependent secretion of defense cargo to the plasma membrane and 
autophagy-mediated transport to the vacuole, the EXO70H4 subunit is responsible for callose 
synthase secretion to the PM. 
 
One of the newly discovered aspects of Pseudomonas-Arabidopsis interaction presented in 
this dissertation is the interference with RIN4’s adaptor function by AvrRpt2 effector 
protease, possibly influencing EXO70B1-mediated secretion of antimicrobial cargo. PMR4 
callose synthase and PR1 proteins might be good cargo candidates for this pathway. 
 
In conclusion, I was able to accomplish the objectives defined in the Aims. The reported 
experiments do not defy the presented hypotheses. Yet, many questions remain open as to the 
role of different EXO70s in plant immunity. Particularly, further experiments are required to 
elucidate the EXO70H4’s function in trichome papillae formation, the conclusions of which 
might later lead to expansion of knowledge of also defensive papilla formation. Also, putative 
EXO70B1-mediated vacuolar trafficking of TN2 needs to be tested. Similarly, how the 
discovered interaction between the EXO70B1 and RIN4 protein regulates polarized secretion 
in response to microbial plant pathogens and what is the transported defense cargo represent 
intriguing open questions that require further investigation. 
 
The presented work provides a basis and a framework for future oriented research. Having 
described the actual or presumed roles of selected plant exocyst subunits in defense against 
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